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Summary
Objective: To compare the sensitivity of standard and macro-radiography for quantifying cancellous bone differences between subjects with
and without medial compartment knee osteoarthritis (OA).
Methods: Patients with medial compartment knee OA (n¼ 24) and non-OA reference subjects (n¼ 10) had a standard and a macro-radio-
graph (4 magniﬁcation) of one knee. Fractal Signature Analysis (FSA), a computerised image analysis technique, measured differences
in cancellous bone structure between OA and non-OA tibiae in all radiographs.
Results: Compared to non-OA, FSA of vertical trabeculae in macro-radiographs increased signiﬁcantly (P< 0.05) in the OA group at several
trabecular widths (0.30e0.60 mm, 0.78 mm, 0.98e1.14 mm) and in standard radiographs at a single trabecular width (0.48 mm).
Conclusion: Compared to standard radiography, increased spatial resolution of macro-radiography allowed greater detection of trabecular
bone differences between OA and non-OA knees. Nonetheless, difference was also detected in standard radiographs.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Key words: Macro-radiography, Standard radiography, Fractal analysis.
International
Cartilage
Repair
SocietyIntroduction
Computerised methods have previously quantiﬁed trabecu-
lar bone structure in patient radiographs1. These techniques
assess the composite nature of cancellous bone, deter-
mined principally by trabecular number, spacing and
cross-connectivity, providing a mean fractal dimension
(FD) for trabecular structure2. However, a more sensitive
method called Fractal Signature Analysis (FSA)3 measures
FD separately for vertical and horizontal trabeculae over
a range of scales that correspond to that of trabecular
widths in bone, identiﬁed as the ‘fractal signature’3. This
has enabled studies to report age-related3 and disease-re-
lated4 changes in trabecular structure, both in cross-sec-
tional5 and longitudinal6 studies.
In these studies, detailed images of bone have used
macro-radiographs of 4 to 5 magniﬁcation. Unlike stan-
dard X-ray units that produce images of moderate spatial
resolution due to the large size of the X-ray source
(0.3e1.0 mm), recording image detail between 200 and
500 mm7, microfocal X-ray units are characterised by
a much smaller X-ray source size (10e100 mm) and have
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with structures of between 25 and 50 mm visible in macro-
radiographs8.
Since microfocal X-ray units are not widely available in
routine clinical settings, most images are obtained using
standard radiographic methods. We determine whether dif-
ferences in cancellous bone organisation between non-os-
teoarthritic (non-OA) and osteoarthritic (OA) knees using
FSA can be detected not only in macro-radiographs, but
also in widely available standard radiographs frequently
used in clinical trials.
Patients and methods
PATIENTS AND NON-OA REFERENCE GROUP
OA knees
Following Ethical Committee approval, for each of 24 (21
women, three men) patients with medial compartment knee
OA, the most painful knee was identiﬁed as the study knee.
All were selected on the basis of presence of pain (at least 1
month out of the last 3 months prior to screening) and pres-
ence of at least two of the following radiographic features:
osteophytes, subchondral sclerosis, and evidence of joint
space narrowing on radiographs9.
Patients had median age of 59 (range 41e82) years,
median disease duration, based on the pain in the signal
(most painful) knee, of 6 (range 2e12) years, and a median
weight of 75 (range 55e100) kg.02
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Ten healthy, non-arthritic volunteers (eight women, two
men), median age 50 (range 42e67) years, and median
weight 67 (range 52e80) kg were recruited from medical
and laboratory staff. Clinical and radiographic examination
conﬁrmed that OA was not present. One knee from each
subject was randomly selected in order to provide an equal
distribution of right and left knees.
RADIOGRAPHY
Each knee had standard and macro-radiography in the
standing semi-ﬂexed view8 twice on the same day, within
a 2 h interval, and this was repeated 2 weeks later, providing
8 ﬁlms/knee. For standard radiographs, magniﬁcation was
determined from automated measurement of the diameter
of a metal ball (coefﬁcient of variation <1%)10 which was
taped to the skin just over the head of the ﬁbula. For macro-
radiographs, magniﬁcation was determined by placing ﬁne
wiremeshes (coefﬁcient of variation<2.2%)10 on the anterior
and posterior surfaces of the knee prior to radiography.
Digitisation of radiographs
Films were digitised using the high resolution Lumysis
200HR laser ﬁlm digitiser (Lumysis, Sunny Vale, CA) at
a pixel resolution of 60 mm by 60 mm (after correction for
magniﬁcation) and the images were stored and analysed
with a Sun Sparcstation, model 20/61 (Sun Microsystems
Ltd). A program written in Cþþ called Mdisplay was used
to calculate the fractal signature at regions of interest
(ROIs) within the images.
REGION OF INTEREST
The medial (M) subchondral (Sc) region was selected for
analysis (Fig. 1), commencing immediately beneath the in-
ferior border of the medial cortical plate (Fig. 1), drawn
onto the image by an automated ridge-tracing function us-
ing image analysis software written in our department called
Mdisplay (Fig. 1). ROI width measured 3/4 of tibial compart-
ment width measured from a vertical line projected down
from the medial tibial spine to the outer tibial margin; the
height measured 100 pixels (6 mm).
MEASUREMENT OF SUBCHONDRAL CANCELLOUS BONE
Fractal analysis is a robust method which is independent
of the effect of radiographic magniﬁcation and projection ge-
ometry, changes in object or patient positioning and varia-
tions in the properties of radiographs such as ﬁlm contrast
and mean density3,11. Within the ROI, FSA quantiﬁed the
FD of vertical and horizontal trabecular structures ranging
in width from 0.12 mm to 1.14 mm in increments of 1 pixel
(0.06 mm), chosen because trabecular thicknesses in the
proximal tibia have been shown to fall within this range12.
By taking ﬁve repeat measurements from 10 knees, coefﬁ-
cient of variation for test retest of FSA measurements gave
2.5% for macro-radiographs and 1.3% for standard
radiographs.
STATISTICAL ANALYSIS AND PRESENTATION OF DATA
Differences in the vertical and horizontal trabecular struc-
tures between the non-arthritic reference group and the OAMedial
M-Sc
Fig. 1. Macro-radiograph (4 magniﬁcation) of a right knee showing
placement of the medial (M) subchondral (Sc) region FSA. Broken
lines represent the inferior margin of the cortical plate. Reproduced
at 1.7.
(i)
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0 0.24 0.48 0.72 0.96
Vertical trabecular size, mm
D
iff
er
en
ce
 in
 F
D:
O
A-
no
nO
A
(ii)
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0 0.2 0.4 0.6 0.8
1.2
1 1.2
Horizontal trabecular size, mm
D
iff
er
en
ce
 in
 F
D:
O
A-
no
nO
A
Fig. 2. Mean difference in FD for vertical (i) and horizontal (ii) tra-
becular structures between the OA group and non-OA reference
group using either macro-radiography (d) or standard radiography
(e e) in the medial subchondral region. Signiﬁcant differences indi-
cated at P< 0.05-.
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using unpaired t tests.
The effect of radiographic method upon between-visit re-
producibility of FSA measurements was tested by two-way
analysis of variance (ANOVA), using ﬁlms from all four
visits. For purposes of discussion, trabeculae were referred
to as those that were small (width range: 0.12e0.42 mm),
medium (width range: 0.48e0.78 mm), and large (width
range: 0.84e1.14 mm). Signiﬁcance level was P¼ 0.05.
Results
DIFFERENCE IN TRABECULAR STRUCTURE BETWEEN
THE NON-OA AND OA KNEES
Vertical trabecular structures
Compared to non-OA, FD of vertical trabeculae increased
signiﬁcantly (P< 0.05) in the OA group at a single trabecu-
lar width (0.48 mm) within standard radiographs, and at
a range of trabecular widths (0.30e0.60 mm, 0.78 mm,
and 0.98e1.14 mm) in macro-radiographs [Fig. 2(i)].
Horizontal trabecular structures
There were no signiﬁcant differences in FD between any
of the categories [Fig. 2(ii)].
EFFECT OF RADIOGRAPHIC METHOD UPON BETWEEN-VISIT
REPRODUCIBILITY OF FSA
Two-way ANOVA revealed that radiographic method had
no signiﬁcant effect upon reproducibility of FSA for either ver-
tical or horizontal structure measurements across four visits.
Discussion
This preliminary investigation revealed that differences in
trabecular structure between OA and non-OA knees can
be quantiﬁed in standard radiographs by fractal analysis,
ﬁndings previously reported using high-deﬁnition macro-
radiographs only3,5,6,11, characteristic of early OA which
comprises a heterogeneous group of disorders13.
The increase in FD of vertical structures in OA knees de-
tected in both standard and macro-radiographs [Fig. 2(i)] in-
dicates an increase in trabecular number due to thinning
and fenestration, leading to a more complex image and con-
sequently higher FD14. Preservation of horizontal trabecu-
lae was demonstrated using both radiographic methods
[Fig. 2(ii)].
In macro-radiographs, signiﬁcant increase in FD values of
vertical trabeculae occurred over a range of trabecular
widths (sizes 0.30e1.08 mm) [Fig. 2(i)], whereas in stan-
dard radiographs, the increase was limited to that of one tra-
becular width (size 0.48 mm) [Fig. 2(i)]. The greater spatial
resolution of macro-radiography enabled FSA to distinguish
a greater degree of trabecular detail between OA and non-
OA knees than that detected by standard radiography. The
advantages of macro-radiography are those due to the
small size of its X-ray source (w50 mm) in which the images
produced by projection radiography have (1) high object
magniﬁcation (4 or more); (2) high spatial resolution pro-
viding greater structural detail; (3) minimal penumbral blur-
ring and (4) a large object to ﬁlm distance (air gap effect)
reducing the effect of secondary radiation scatter15,16.
Standard radiographs revealed virtually no differences in
vertical trabecular structure between OA and non-OA kneesat larger trabecular widths [Fig. 2(i)]. This limitation may be
due to its lack of geometrical magniﬁcation. In contrast, im-
ages obtained by projection macro-radiography permit the
detection of ﬁne structural detail, with the additional advan-
tage that increased detail is provided by the effect of longi-
tudinal magniﬁcation. The latter facilitates the detection of
structures lying behind one another within the plane of the
object imaged in the macro-radiograph16. Nonetheless,
a larger study using standard radiographs recently under-
taken to test the effect of a bisphosphonate in patients
with knee OA17 demonstrated differences in trabecular
structure were detectable across the entire range of trabec-
ular widths (0.12e1.14 mm).
Compared to macro-radiography, the coefﬁcient of varia-
tion for between-visit reproducibility was slightly lower in
standard radiographs. As macro-radiography has greater
spatial resolution, it is more sensitive and accurate in de-
tecting changes in structural detail and therefore reposition-
ing error will thus be slightly greater than in standard
radiography. Our results are not affected by differences in
sensitometric properties between standard and macro-radi-
ography such as ﬁlm contrast and mean density because
FSA is independent of these factors3,10.
Despite the small number of OA and non-OA knees ex-
amined in this study, we have shown that disease-related
changes in bone structure are detectable not only by
macro-radiographs, but also by standard radiographs.
FSA used in conjunction with widely available standard ra-
diographs may therefore provide an additional in vivo
method of assessing trabecular changes in cross-sectional
studies of bone diseases5.
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